ABSTRACT: Optimum weighting ratios of materna1:direct EBV for litter size using an animal model were examined to achieve maximum genetic improvement (direct plus maternal response). Stochastic simulation of a 120-sow herd over a 10-yr period of selection was used (20 replicates). Directional selection was based on a merit function of maternal and direct EBV for first-parity litter size. Optimum weighting ratios for maternal to direct EBV in pureand crossbreeding schemes with different genetic correlations between maternal and direct effects were obtained. Genetic gain in maternal and direct effects was more sensitive to change in weighting ratios of maternal to direct estimates of breeding values under an animal model than earlier theoretical studies showed for selection index. In the purebreeding scheme, the weighting ratios of materna1:direct effects of 1:1, 1.25:1, and -.5:1 resulted in the highest overall response of 3.11, 1.73, and .69 pigs after 10 yr of selection with genetic correlations between maternal and direct effects of 0, -.5, and -.9, respectively. In the crossbreeding scheme with a male dam line selected for direct effects only and a female dam line selected for an optimum weighting ratio of maternal and direct effects the overall response was always higher with 3.19, 1.89, and 1.31 pigs110 yr for the genetic correlations 0, -5, and -.9, respectively, than in the purebreeding scheme. With a large negative correlation between maternal and direct effects a meaningful overall response of litter size was achieved only in the crossbreeding scheme. The effect of negative weighting of maternal effects t o increase direct response with a large negative correlation between maternal and direct effects was also examined as well as the influence of weighting ratios on accuracy of evaluation, additive genetic variance, prediction error variance, and correlation between maternal and direct EBV.
Introduction
Maternal genetic contribution to litter size is of considerable interest in two ways. First, if maternal effects are important they need to be considered to get unbiased estimates of direct breeding values. Second, improvement of maternal response in addition to direct response can lead to greater overall response in litter size. Roehe and Kennedy (1993) found that maternal genetic effects can have a high influence on genetic improvement of litter size, even when maternal heritability is low relative to direct heritability, depending on the genetic correlation between maternal and direct genetic effects. Dickerson (1947 Dickerson ( , 1970 suggested the use of total heritability, a combination of maternal and direct heritability and their covariance, for selection of traits influenced by maternal effects. Using selection index theory, Van Vleck (1970a showed the influence of different weights for maternal and direct effects on genetic progress.
However, in practical pig breeding the animal model, which has great flexibility and can be extended to a maternal effects model, is the method of choice (Kennedy, 1990) . Stochastic simulation is a useful and reliable way to predict the optimum weights for maternal and direct genetic effects under an animal model, because it accounts for reduction in selection intensity, accuracy of selection, and genetic variance due to selection in a finite population. In addition, it is possible to examine the effect of different correlations between maternal and direct genetic effects because they are not necessarily independent. Generally, it is suggested that there is a negative correlation between litter size of daughter and dam in pigs (Revelle and Robison, 19731 , which with respect to the dam may have an important genetic component, as indicated by estimates from Southwood and Kennedy (1990) for Canadian Landrace and Yorkshire.
A great advantage of an animal model is that it provides unbiased estimates for maternal and direct effects of all animals with and without records. This is important because estimation of maternal effects for gilts and young sires is based on records that are at least one generation behind those of the direct effect.
The main objective of this study was to find appropriate weights for maternal and direct EBV to obtain the highest overall genetic merit in litter size. We also examined whether the optimum weighting ratios changed with different genetic correlations between maternal and direct effects. The way in which optimum weighting ratios change under different breeding schemes, pure-and crossbreeding, was also examined.
Materials and Methods

Simulation
A herd of 120 sows and 24 boars in service per year with overlapping generations was simulated over 10 yr of selection (20 replicates). The population structure (e.g., maximum service period of boars of 3 mo, maximum of three panties per sow, age distribution of 58, 28, and 14% first-, second-, and third-litter sows, respectively), reared animals per litter (two females and two males), random involuntary culling (e.g., death loss, conformation, infertility), and mating strategy (random mating except for avoidance of matings between close relatives) were the same as described by Roehe and Kennedy (1993) .
Trait of interest was first-parity litter size a t birth, for which maternal effects are supposed to have a significant influence (Vangen, 1980) . For this trait, directional selection took place on a merit function of maternal and direct EBV. To examine the optimum weighting ratio of maternal to direct genetic effects the weights of maternal effects were varied from -20 sampled from a normal distribution with zero means and variance-covariance matrix of:
where d, m, e, A, I, 4, u i , udm, and ue represent the vectors of direct effects, maternal effects, residual effects, additive genetic relationship matrix, identity matrix, direct genetic variance, maternal genetic variance, covariance between maternal and direct genetic effects, and residual variance, respectively. The implied genetic model is known as an infinitesimal model, as discussed by Bulmer (1980) . The base population was assumed to be unselected, noninbred, and unrelated.
The population parameters of first-parity litter size were for maternal and direct heritability .05 and .lo, respectively, with a phenotypic variance of 6.5. Genetic correlation between maternal and direct effects was varied from 0 to -.9. Parameters were within the range of variance components estimated by Southwood and Kennedy (1990) . The fixed yearseason effects were sampled from a uniform distribution in a range of 0 to 2.5 pigs.
Statistical Analysis
2
The animal model used for evaluation of breeding values was as follows:
where y = a vector of litter size records of first-parity sows, b = a vector of fixed year-season of farrowing effects, d = a vector of random direct genetic effects of sows, m = a vector of random maternal genetic effects of dams, e = a vector of random residual effects, and X, Z1, 2 2 = incidence matrices of the effects.
The same variance-covariance matrix [ll as described for the simulated population was used for the evaluation model. Solutions to [21 were obtained from the following mixed-model equations: xz2 xx xz1 Z;X Z;Z, + A-'k,, Z;Z, + A-lk,, z& Z;z, + A-lk,, z;z, + A-lk,, merit functions. For comparison purposes, in another alternative, selection took place only on maternal to +20 with a constant weighting of direct effects of 1. Directional selection took place monthly only on these effects.
The phenotypic record for litter size at birth of each sow was simulated based on a linear model consisting of fixed effect of year and season (3-mo period) of farrowing, random maternal additive genetic effect of dam, random direct additive genetic effect of firstparity sow, and random residual (environmental) effect of first-parity record. Random effects were Selection response per year was calculated as true breeding value averaged over 20 replicates. Accuracy of evaluation was calculated as pooled correlation between estimated and true breeding values within replicate, generation, and selection period to get a measure independent of the effect of selection and random drift. Prediction error variance ( PEV) was calculated as variance of the differences between estimated and true breeding values within replicate, generation, and selection period.
Results
Direct Response to Selection
Direct response when maternal and direct effects were independent is shown in Figure 1 for some alternatives and in Table 1 for all alternatives. The aFor all alternatives hi = .10 and h i = .05.
bStandard errors in parentheses. highest direct response was achieved when selection was based on a merit function with only direct genetic effects. When maternal and direct genetic effects were equally weighted in the merit function, direct response was slightly reduced (Figure 1 ). Lower and higher weights of maternal effects substantially reduced the direct response. Reduction in direct response was more sensitive to high negative than to high positive weights for maternal effects, so that, for example, with the weighting ratio -4:l almost no direct response was obtained.
With a correlation between maternal and direct effects of -.5, the highest direct response was found without weighting of maternal effects in the merit function (Figure 2 ). But the weighting ratio -51 of maternal and direct effects gave almost the same direct response (Table 1) . With weighting ratios from 0:l to -.5:1, there was an increase in direct response with increased negative weights for maternal effects. Equal weighting of maternal and direct effects resulted in a 13% lower direct response than the maximum obtained with the weighting ratio 0:l. With a genetic correlation of -.5 between maternal and direct effects, high positive weights of maternal effects resulted in a higher reduction in direct response than high negative weights.
With a genetic correlation of -.9 between maternal and direct effects, the highest direct genetic response was achieved with weights of maternal effects of zero and -.5 (Table 1, Figure 3 ). This suggests that there is another maximum between the weights of maternal effects of 0 and -1. Direct response became negative with the weighting ratio 2:l.
Maternal Response to Selection
With no correlation between maternal and direct genetic effects, a response in maternal effects was obtained although selection was on direct effects only ( Figure 4 ). As recently discussed by Roehe and Kennedy (19931, this is due to the lack of separation of estimated maternal and direct breeding values for an embedded trait such as maternal genetic effects, because both breeding values are calculated from the same phenotypic records and are inherited over the same genetic paths. Equal weights for maternal and direct effects resulted in almost the same maternal response as with higher maternal weights, and significantly greater response than with no selection pressure on maternal effects.
With a genetic correlation of -.5 between maternal and direct effects maternal response was sensitive to the weighting factors used ( Figure 5 ). Although maternal response due to extreme weights of maternal 2 effects was more linear over 10 yr of selection, more variation within selection period was found with intermediate weights.
High weights in favor of maternal effects were necessary to get positive maternal response when the genetic correlation between maternal and direct effects was highly negative ( r g = -.9; Figure 6 ). Positive as well as negative responses were very similar over a wide range of weights of maternal effects.
Overall Genetic Merit
Highest overall genetic merit (maternal plus direct response) was usually obtained with equal weights of maternal and direct genetic effects (Figures 7, 8 , and 9). However, the weighting ratios 1.25:l and -5 1 resulted in a slightly higher overall response than equal weights, when the genetic correlation between maternal and direct effects was -.5 and -.9, respectively (Table 1) . Differences in overall response using weighting ratio 1:l or 0:l became smaller with increased negative correlation between maternal and direct effects. When genetic correlation between maternal and direct effects was 0, -5, and -.9, high negative, both high negative and high positive, and high positive weights for maternal effects, respectively, resulted in the greatest reduction in overall genetic merit. With genetic correlation of -5, the variation of maternal weights in the merit function from -4 to +4 did not affect the overall response as much as with genetic correlations of 0 and -.9.
Accuracy of Evaluation
When genetic correlation between maternal and direct effects was -.5 or -.9, accuracy of evaluation of direct breeding values in females was from 3 to 23% or 8 to 33%, respectively, less than accuracies with independent maternal and direct effects (Table 2 ). In males, reduction in accuracy ranged from 0 to 25% and 4 to 37%.
A reduction in accuracy of evaluation of maternal breeding values due to negative genetic correlation between maternal and direct effects was found for the genetic correlation of -3 ( u p to -37% in females and males). Higher accuracy of maternal estimates was obtained for the genetic correlation of -.9 compared with uncorrelated maternal and direct effects (up to 53% in females and up to 24% in males). This indicates that accuracy of evaluation of maternal breeding values is gained from the higher accuracy of direct EBV as a result of the large correlation. Accuracy of evaluation of direct breeding values in females was 19 to 37% higher than in males for corresponding weighting ratios and genetic correlations. Estimated breeding values of females were based on their own performance in addition to all relatives' performances, whereas EBV of males were based only on relatives' performances of their two female full-sibs and their ancestors. Accuracy of evaluation of maternal breeding values was only consistently higher between females and males ( 1 5 to 30%) with a genetic correlation of -.9. This indicates that accuracy of maternal EBV in females gained more, relative to males, from the higher accuracy of direct EBV.
With no genetic correlation between maternal and direct effects, extreme weighting ratios ( -4:l and +4: 1 ) had the highest accuracy of direct EBV (Table 2) . This seems to be unexpected because these weighting factors resulted in the lowest direct response. The cause was a lower reduction in additive genetic variance (Table 3 ) due to lower response to selection.
With increased negative Correlation between maternal and direct genetic effects, the influence of weighting ratios on accuracy of evaluation was of lower magnitude ( Table 2) . As a result of their correlation, maternal and direct effects were simultaneously influenced by selection, which led t o equal reduction in additive genetic variance of both effects (Table 3 ) . That means that also weighting ratios with high emphasis on maternal effects (e.g., 4:l and rg = -.9) led t o a high reduction in maternal and direct additive genetic variance, although negative overall response was achieved (Figure 9 ). Unexpected was the 14 or 19% higher accuracy of maternal effects in females and males, respectively, with the weighting ratio of -1:l relative to the weighting ratio of 0:l when . Overall genetic response (maternal plus direct) to selection of litter size using different weighting ratios for maternal (MAT) and direct (DIR) effects genetically correlated by -.9 (hk = .05, h, = . l o ) .
2 maternal and direct genetic effects were independent (Table 2 1. This was not only due to lower reduction in additive genetic variance (Table 31 , but there was also a lower average PEV with weighting ratio -1:l than with weighting ratio 0:l (Table 4) . A small change in PEV had a substantial effect on accuracy.
Comparing the alternatives with weighting ratios -4:l and -1:l ( r g = 01, it can be shown that lower reduction in additive genetic variance and its positive effect on accuracy were partly offset by an increase in PEV. Generally, the alternatives with the lowest additive genetic variance showed the lowest PEV, and vice versa (Tables 3 and 4) . But not only the amount of additive genetic variance had an influence on prediction error variance. For example, the weighting ratio 4: 1 resulted in the highest direct additive genetic variance of all alternatives with a genetic correlation of -5, but in the second-lowest PEV (Tables 3 and 4) . The low PEV may be caused by the low direct genetic trend (Table 1) .
Correlation Between Estimated Breeding Values
Correlations between EBV of maternal and direct effects for different weighting ratios are shown in Figures 10, 11 , and 12. When maternal and direct effects were independent, the correlation between their EBV decreased with more available pedigree information but never reached the true parameter of zero (Figure 10 ). The causes for the substantial deviation of the correlation between maternal and direct EBV from their true correlation of zero were the calculation of both breeding values from the same phenotypic records, their inheritance over the same paths, their low accuracy, and the fact that no covariance between maternal and direct effects could be used in the evaluation to improve the separation of maternal and direct breeding values. The decrease in correlation between EBV of maternal and direct effects was almost the same for all weighting ratios except for -4:l. With this ratio no response of direct genetic effects was realized.
In alternatives with a genetic correlation between maternal and direct effects of -5, the correlation between their EBV approached the true correlation as more pedigree information became available ( Figure  11 ). However, after 10 yr of selection estimates of maternal and direct breeding values were most lowly correlated with weighting ratios 0:1, -l:l, and -4:l and most highly correlated with weighting ratios 1:1, 2:1, and 4:l compared with the initial correlation ( r g = -. 5 ) . The cause for lower correlation between estimates may be that the weighting ratios 0:1, -l:l, and -4:l resulted in maternal and direct responses in opposite directions. Theoretically, this results in a positive gametic disequilibrium, and thus in a lower negative correlation compared to the initial correlation (Robertson, 1977) . The other weighting ratios resulted in a positive response of both maternal and direct effects and thus, due to negative gametic disequilibrium, in an increase in negative correlation between estimates.
With a genetic correlation of -.9 between maternal and direct effects, the variation in correlation between their estimates was very low (Figure 12) . But, the correlation between maternal and direct breeding values never reached the true correlation of -.9, even with more pedigree information, and was closer to -1 than to -.9. Van Vleck (1970a found that even widely different weights for maternal and direct genetic effects did not change expected response to selection using selection index. In contrast, selection with an animal model showed a high influence of different weighting ratios on maternal and direct response for litter size. The reason for a high sensitivity of response to changes in weighting ratios with an Table 3 . Average additive maternal (MAT) and direct (DIR) genetic variancesa over 10 years of selection using different weighting factors and genetic correlations (rg) between maternal and direct effectsb animal model is likely the consideration of all pedigree information. For traits with low heritability, such as litter size, pedigree information contributes considerably to the EBV. Therefore, more information from relatives contributes to the estimation of maternal and direct breeding values over and above the information from a few closely related animals considered in selection index (Van Vleck, 1970a . The selection theory used by Van Vleck (1970b) was strictly for one generation of response. The results in this study are based on a stochastic simulation that considered reduction in additive genetic variance (Bulmer, 1971; Sorensen and Kennedy, 1984; van der Werf and De Boer, 19901 , selection intensity (Hill, 1976, 19771 , and accuracy of evaluation due to selection and finite population over 10 yr (Belonsky and Kennedy, 1988; Kuhlers and Kennedy, 1992; . This may also have an influence on the optimum weights for maternal and direct genetic effects.
Discussion
Selection for an embedded trait such as the maternal effect is complex. Even when maternal and direct breeding values are independent the correlation between their EBV is positive and can be quite large. As a result, selection pressure is always on both direct and maternal effects, even though one of the effects may receive no weighting in selection. Similar complications arise when there is a genetic correlation between direct and maternal effects. With a true genetic correlation between maternal and direct effects of -.9, the correlation between their EBV was close to -1. With a genetic correlation of -5, the correlation between estimated maternal and direct breeding values was higher or lower than the initial correlation. Thus the weighting ratio used for maternal and direct effects influences their correlation of EBV. The correlation between maternal and direct EBV deviated most from the true genetic correlation when there was little pedigree information. Complete pedigrees are recommended for selection for maternal and direct effects with an animal model.
In a purebreeding scheme selection should be for highest overall response, which was achieved with weighting ratios 1:1, 1.25:1, and -.5:1 with the genetic correlations between maternal and direct effects of 0, -.5, and -.9, respectively. These overall responses were only slightly different from the responses with weighting ratio 1:l. Therefore, the weighting ratio 1:l may be the best choice for a wide range of population parameters and population structures in a purebreeding scheme. In this study emphasis was on direct genetic improvement of litter size because of its larger heritability, and thus its higher accuracy of selection and higher response t o selection as well as its phenotypic expression at least one generation earlier than that of maternal response. Consequently, no weighting ratios of positive maternal and negative direct breeding values were considered.
When maternal effects contribute to a trait, the maximum overall genetic response is not necessarily equal to the maximum genetic gain expressed in the phenotypic record because the phenotypic expression of maternal response is at least one generation behind that of direct response. Therefore, Van Vleck et al. (1977) pointed out that in the short term, higher weights for maternal effects in females and for direct effects in males using selection index could be of advantage. In this study the highest overall response was obtained over a wide range of weighting ratios of maternal to direct genetic effects (O:l, .5:1, 1,l) with the correlation -.9 (Table 5 ) . Under these circumstances the choice of weighting ratio for maternal and direct breeding values in purebreeding schemes might depend on the maximum genetic gain expressed in the Table 4 . Average prediction error variance (PEV) of estimated breeding values for maternal (MAT) and direct (DIR) effects over 10 years using different weighting factors and genetic correlationsa bStandard errors in parentheses.
8 MATDIR = 4.1 .* MAT:DIR = -1:l -&r MAT:DIR = 4 : 1 phenotype (i.e., with equal overall genetic response the weighting ratio that results in the highest direct response should be preferred). However, with independent maternal and direct effects the weighting ratio 1:l showed the largest overall genetic response as well as the largest genetic gain in the phenotype. In a crossbreeding scheme as described by Smith (1964) with two dam lines the optimum weights for maternal and direct genetic effects were different from a purebreeding scheme (Table 5 ) . Because the maternal genetic effect of males has no influence on the final crossbred sows, the weighting ratio resulting in maximum direct response should be chosen in the male dam line. The highest direct response was achieved with the weighting ratio 0:l of maternal and direct genetic effects for all examined correlations between these effects (Table 1) . Also, a high direct 2 response was obtained with a negative weighting of maternal effects ( -.5: 1) when the genetic correlation between maternal and direct effects was -.9. However, increasing the negative weights of maternal effects did not result in any further increase in direct response, and actually led to a reduction.
In the female dam line different weighting factors should be chosen depending on genetic correlation between maternal and direct effects. To compare efficiency of cross-and purebreeding and to find the best weighting factors for the female dam line with different correlations between maternal and direct genetic effects the phenotypic expressed genetic gain was evaluated. In all cases the response in the crossbreeding scheme was equal or better than that in the purebreeding scheme. Additionally, a positive overall response was achieved in the crossbreeding scheme over a wider range of weighting ratios. The advantage of specific selection weights for maternal and direct breeding values in male and female lines to produce crossbred females became larger with increasing negative correlation between maternal and direct genetic effects.
Equal weighting of maternal and direct genetic effects in the female dam line was superior to produce Table 5 . Genetic improvementa after KENNEDY crossbred sows when both effects were independent. The weighting ratio 1.51 of maternal and direct effects resulted in maximum response with genetic correlation of -.5 between both effects. The weighting ratio 4:l also resulted in a high response in crossbred sows, but it should not be chosen because it resulted in a low negative overall response in the purebred line. Lower fertility in the purebred line is associated with higher cost of maintaining the line and a decrease in selection intensity.
When the genetic correlation between maternal and direct effects was very large ( r g = -.9), substantially greater response was achieved when the female dam line was selected with high weighting of maternal effects, but highest response was not achieved by selection only for maternal effects ( Table 1 ). The weighting ratio 4:l of maternal and direct effects resulted in the largest genetic gain in crossbreds. One disadvantage of selecting for a high maternal response was a negative overall response in the purebred line.
A higher population size would be necessary to maintain this female dam line which would result in higher cost. Therefore, a weighting ratio that results in no maternal response in the female dam line may be a better practical choice. In this study the weighting ratio 1.5:l yielded almost no maternal response, so that overall response was largely due to direct response. With this selection strategy a meaningful genetic gain in crossbred sows ( 1.16 pigs) was achieved with slightly lower response in the purebred dam line (.45 pigs) than the maximum possible response (.69 pigs). Before using the 10 years of selection for litter size of purebredb (PURE) and crossbredC (CROSS) sows weighting ratio 4:l or 1.5:1, an economic study is recommended to determine whether the higher productivity of crossbred gilts offsets the lower productivity in the purebred line. However, these results cannot be generalized because they depend mainly on the population structure used and the number of crossbred females produced per purebred female.
Generally, with a large negative correlation between maternal and direct effects an acceptable response to selection can be obtained only with a crossbreeding scheme. Additionally, different gene frequencies can be expected when selection is in two different lines. Therefore, possible maternal and direct heterosis in the crossbred animal could be an additional factor to select for direct effects in the male dam line and for a weighted maternal and direct genetic effect in the female dam line.
In practice, two different breeds are often chosen for the dam lines. With regard to maternal genetic effects, use of breeds as male or female dam line should depend on their population parameters. Under the assumption of accurate estimated maternal and direct genetic variances and covariances, the breed with the highest negative correlation between maternal and direct genetic effects should be used as male dam line. It is also advantageous if the male dam line has a higher heritability of direct effects than the female dam line.
Maternal effects should not be seen just as a nuisance effect that impedes the improvement of direct genetic effects. Maternal response to selection may also be important. This may be particularly true for crosses between highly reproductive Chinese breeds and North American or European breeds.
Bidanel ( 19 8 8 1 reported large maternal additive and heterosis effects on litter size for these crosses. The exploitation of maternal variance can be achieved through use of a Chinese female dam line with high selection weights for maternal effects and selection of the North American and European male dam line for direct effects.
Economically, the optimum weights for maternal and direct genetic effects may be different from the weights based on highest overall genetic merit. Van Vleck (1976) pointed out that the biological inputs of maternal and direct effects are likely to be different. With respect to litter size that means that net economic value of direct effects depends on the cost associated with the prolificacy of the sow, whereas the net economic value of maternal effects depends on the cost associated with the sow's dam to provide an optimum pre-and postnatal environment to their offspring. A precise disentanglement of the cost in a bioeconomical model as described by De Vries (1989) would be very difficult. Therefore, the highest overall response (maternal plus direct response) is likely the best practical parameter to improve overall efficiency of sow productivity.
In this study only records of first-parity litter size, in which maternal effects are supposed to have an important influence, were considered (Southwood and Kennedy, 1990) . In subsequent parities the statistical model may be different because of less importance of maternal effects, as reported by Vangen (1980) . The influence of second and later parities on response to selection in litter size and increase in accuracy of estimation of maternal and direct effects of first-parity litter size would be of interest and requires further examination.
Implications
In a purebreeding scheme equal weights of maternal and direct breeding values should be chosen to obtain the largest overall response of litter size under a maternal effects model. When there is a large negative correlation, only selection with different weighting ratios of maternal and direct breeding values in male and female lines t o produce crossbred females can provide meaningful genetic gain in litter size. In this crossbreeding scheme, the male dam line should be selected for the highest direct response (if h i < hi), which can be achieved by selection on direct effects only. The female dam line should be selected for an optimum weighting ratio of maternal and direct breeding values.
